Abstract Although teratogenic rubella virus (RV) causes a vaccine-preventable disease, it is still endemic in several countries worldwide. Thus, there is a constant risk of RV importation into non-endemic areas. RV monitoring, especially during measles and Zika virus outbreaks, requires reliable diagnostic tools. For this study, a TaqMan-based one-step reverse transcription-quantitative PCR (RT-qPCR) assay, with the p90 gene as a novel and so far unexplored target for detection of clade I and II genotypes, was developed and evaluated. Automated nucleic acid extraction was carried out. Performance characteristics of the TaqMan RT-qPCR assay were determined for a RV plasmid standard and RNA extracted from virus-infected cell culture supernatants representing clade I and II genotypes. Diagnostic specificity and sensitivity were validated against other RNA and DNA viruses, relevant for RV diagnostic approaches and for RV-positive clinical samples, respectively. The assay is specific and highly sensitive with a limit of detection as low as five to one copies per reaction or 200 infectious virus particles per ml. The coefficients of variation (CV) were specified as intra-(within one run) and inter-(between different runs) assay variation, and calculated based on the standard deviations for the obtained Ct values of the respective samples. Intraand inter-assay CV values were low, with a maximum of 3.4% and 2.4%, respectively. The assay was shown to be suitable and specific for the analysis of clinical samples. With p90 as a novel target, the highly sensitive and specific TaqMan assay outlined in this study is suitable for RV diagnosis worldwide.
Introduction
Rubella virus (RV) causes the mild childhood disease rubella. However, after infection of susceptible women during the first trimester of pregnancy, embryonal and fetal death and teratogenic malformations, known as congenital rubella syndrome (CRS), occur with a very high frequency. The single plus-stranded RNA genome contains two open reading frames (ORF) located in the same translational frame (5'-p150-p90-3' for the non-structural ORF, and 5'-C-E2-E1-3' for the structural ORF) [11, 20] .
RV comprises only one serotype and two phylogenetic clades, which differ by 8 to 10% at the nucleotide (nt) level [28] . A 739 nt fragment within the E1 region (nts 8,731 to 9,469) is recommended and sufficient for epidemiological analysis of RV [28] . Clade 1 is composed of nine recognized genotypes (1B, 1C, 1D, 1E, 1F, 1G, 1H, 1I, and 1J) and one provisional genotype 1a for strains circulating before 1984, such as the early vaccine strains, the RA 27/3 vaccine strain, and the laboratory-adapted strain F-Therien [28] . Clade 2 comprises three recognized genotypes (2A, 2B, and 2C). While most RV genotypes have a more restricted geographic distribution, genotypes 1E and 1G, as well as 2B, are found worldwide [1, 28] . Despite the existence of an effective vaccine and a high overall RV immunization coverage in many European countries, susceptible cohorts with low vaccine-acquired immunity might represent a continuous risk for importation of RV from its endemic areas [18, 24] . Additionally, RV needs to be discriminated from other skin rash-associated diseases such as allergies and infections caused by viral pathogens, including parvovirus B19, measles virus and Zika virus [8, 26, [28] [29] [30] . In this regard, it needs to be considered that both RV and Zika virus cause a notable rate of asymptomatic infections. A clear verification of clinical cases is also the basis for assessment of the goals set by the WHO to control RV, as rash/fever outbreaks continue to occur [4, 15, 30] .
Objectives
Due to the ongoing relevance of RV surveillance, including reliable laboratory confirmation of RV cases, this study was initiated to develop a sensitive TaqMan-based RTqPCR assay using p90 as a novel and so far unexplored target region. This assay was validated for different RV genotypes, including the currently circulating genotypes 1E, 1G, and 2B, with regard to sensitivity (limit of detection and quantification) and specificity.
Material and methods

Virus strains, virus infection and titration
In addition to unnamed field isolates, three RV strains with a WHO identification, namely RVi/Gdansk.POL/14.07_07-00426 (07-00426, genotype 1E), RVi/Prahova region.-ROU/25.03_03-03703 (03-03703, genotype 1G), and RVi/ Wuerzburg.DEU/47.11_12-00009 (Wb-12, genotype 2B), were employed. RV cultivation and plaque assay were performed on Vero cells as described [5] . For the focus forming assay, the agarose overlay was removed and cells were fixed with 2% (w/v) paraformaldehyde and permeabilized with ice-cold methanol (100%). Thereafter, RVpositive serum was used as primary antibody and HRPconjugated goat-anti human IgG polyclonal as secondary antibody. The DAB SK-4100 Peroxide Substrate Kit (Vector Laboratories) was used according to the manufacturer's instructions. As a control for assay specificity, we used supernatants of: BHK21 cells, containing 5 9 10 9 genome copies/ml of tick-borne encephalitis virus, Vero cells, with either 5 9 10 7 genome copies/ml of Jeryl Lynn vaccine strain of mumps virus or 2 9 10 6 genome copies/ ml of Edmonston vaccine strain of measles virus, and Hep2 cells, containing 1 9 10 8 genome copies/ml of Coxsackievirus B1 strain. All cell culture supernatants were clarified by centrifugation.
Samples and RNA extraction
Cell culture supernatants and clinical samples were subjected to automated nucleic acid extraction with the MagNA Pure 96 system (Roche) at a volume of 200 ll, with an extraction control. An elution volume of 100 ll was used, of which 5 ll were used for TaqMan RT-qPCR.
Primers and probe design and RV standard DNA and RNA Sequences for RV genotypes representing clade I and II were obtained from GenBank database and aligned using Geneious 5.4.3 software. Sequences and positions for the TaqMan probe and the corresponding oligonucleotides are given in Fig. 1 . The TaqMan probe (TibMolBiol) was labelled at the 5' end with the reporter molecule 6-carboxyfluorescein (FAM) and with the BlackBerry Quencher (BBQ) at the 3' end. The plasmid Robo503 was used as RV standard DNA [27] . In vitro transcribed RNA was used as RNA standard and was obtained as follows: the oligonucleotide primers RV-235.s and RV_419.as ( Fig. 1) were used to generate a PCR product with Robo503 as template, which was subsequently subcloned using the TOPO-TA cloning kit (Thermo Fisher Scientific), according to manufacturer's instructions. An in vitro transcription reaction was performed with 500 ng of the XhoI-linearized plasmid template and SP6 polymerase using the Riboprobe in vitro transcription system (Promega) according to the manufacturer's instructions. Thereafter, DNase treatment and cleanup with QIAamp Viral RNA columns (Qiagen) were performed. RNA concentration was determined using the NanoDrop 1000 spectrophotometer.
One-step singleplex quantitative real-time PCR setup Each reaction contained: 5 ll of the extracted RNA, water (no template control) or plasmid DNA, at the respective copy number, 10 ll of the RT-qPCR master mix from the QuantiFastÒ Multiplex RT-PCR ? R Kit (QIAGEN), 0.4 lM of the sense and antisense primer, 0.2 lM of TaqMan fluorogenic probe, and 20 U of RNase Inhibitor (Fermentas), in a total volume of 20 ll. RT-qPCR was performed in a carousel-based LightCycler 2.0 (Roche) with the following cycling conditions: one cycle of reverse transcription at 50°C for 20 min, one cycle of activation at 95°C for 5 min, followed by 45 cycles of denaturation at 95°C for 15 sec, of annealing/extension at 60°C for 20 sec combined with the detection step (530 nm).
One-step singleplex quantitative real-time PCR performance characteristics Plasmid DNA copy numbers were calculated according to the following formula (http://cels.uri.edu/gsc/cndna. html) [14] :
The copy numbers of the RNA standard were quantified accordingly, but based on the average molecular mass of 340 Da for 1 nucleotide of single-stranded RNA. After this initial calculation, the copy number of the serial dilutions of the RNA standard were adapted to the Ct values obtained for the dilutions of the DNA standard and the regression equations from the resulting standard curve.
Amplification efficiency (E) was determined through the equation E = 10 -1/slope and converted into percentage according to the formula (E-1) 9 100%. The coefficient of variation was calculated according to the following formula: CV = (SD [Ct-value]/overall mean [Ct-value]) 9 100 [9] .
Limit of detection and limit of quantification
The analytical sensitivity or limit of detection (LOD) refers to the lowest possible concentration of the amplification target that is tested positive in C95% of the assay runs, while the limit of quantification (LOQ) relates to the lowest concentration of the target that is still within the linear range [16] . The LOD was calculated through Probit analysis, performed with JMP software, version 12. The Probit method was used to generate a graph, through which LOD can be deduced at the 95% probability for a positive response [21] .
Generation of figures
The figures in this manuscript were edited with Corel-DRAW X7 graphics software. Fig. 1 Alignment of the conserved p90 target sequence selected for primer and TaqMan probe design. All sequences available in GenBank for this region were used for this alignment to achieve an in depth in silico analysis. Sequences of the deduced primers and the TaqMan probe are given and nt positions refer to p90 gene sequence. Genotypes were assigned according to GenBank accession numbers or to indicated publications [7, 22, 33] . s, sense primer; as, antisense primer
Results
Performance characteristics of TaqMan-based RTqPCR targeting RV p90 gene
The cycle threshold (Ct) values obtained for the ten-fold serial dilutions of the RV plasmid DNA standard ranged from 11 to 37.5 cycles (Fig. 2) . Linearity was present over eight log units with a mean correlation coefficient (R 2 ) of 0.9988 (slope = -3.573) and a mean amplification efficiency of 91% (Fig. 2 and Table 1 ).
Precision of the TaqMan-based approach: intraassay repeatability and inter-assay reproducibility
The intra-assay repeatability and the inter-assay reproducibility were assessed through triplicate samples in five different experiments with ten-fold serial dilutions of the RV DNA standard ranging from 1 9 10 8 to 1 9 10 1 copies (Tables 1 and 2 ). The coefficients of variation (CVs) of the TaqMan-based RT-qPCR are defined as the standard deviation (SD) of the obtained Ct values and ranged from 0.08 to 3.39% and from 0.67 to 2.42% for the intra-and inter-assay CVs, respectively.
Limit of detection and quantification
For determination of the analytical LOD and LOQ, the regression curves obtained for ten-fold serial dilutions of RNA extracted from cell culture supernatants infected with RV strains Wb-12 and 03-03703 were plotted against the RNA standard and the mean Ct values gained for the five independent runs of the RV plasmid standard (Fig. 3) .
Although LOD and LOQ are internal characteristics for the TaqMan assay, different template materials were used as only extracted viral RNA, besides the RNA standard, takes the RT step of the assay into account. The resulting regression curves showed comparable performance characteristics (slope and R 2 values) and linearity was present until one log10 copies (Fig. 3) , revealing an LOQ of 10 copies per reaction for the RV strains and a mean of 64 copies for the plasmid DNA standard.
For a more accurate estimation of the LOD, two-fold dilutions of the DNA and RNA standards (25 to 0.39 copies per reaction) and of RNA extracted from the supernatants of Vero cells infected with the Wb-12 strain were used (Table 3 ). In this case, the analytical LOD was between 1 and 3 copies per reaction. Based on Probit analysis (Fig. 4) , the LOD at the 0.95 probability for a positive reponse was determined as 1 (for extracted Wb-12 viral RNA and DNA standard) and 5 (for the RNA standard) copies per reaction.
Analytical and diagnostic sensitivity
To evaluate if the characteristic parameters seen so far with the RV DNA and RNA standard can be obtained also with RV clade I and II strains, ten-fold serial dilutions of RNA extracted from cell culture supernatants infected with different RV strains were used. As a control, the Therien strain, from which the cDNA plasmid Robo503 was originally derived, was used. Performance parameters of the obtained standard curves are summarized in Table 4 . The amplification efficiency was in the range of 92% and 101%. The slope and R 2 values were also comparable between the examined RV strains and within the range of the RV DNA standard. Thereafter spike experiments were executed through addition of 10-fold serial dilutions of a supernatant of the 03-03-703 strain (10 6 infectious virus particles per ml) either to oral fluid from a healthy donor or PBS. Each of these dilutions was subjected separately to nucleic acid extraction by MagnaPure technology. A minimum of approximately 200 viral particles per ml were detectable for each type of fluid, thus excluding interference of the oral microenvironment with the TaqMan assay. For diagnostic sensitivity RV-positive clinical samples were analyzed by the p90-based TaqMan assay. Genotypes 1H, 1E and 2B were readily detectable (Table 5 ).
Analytical and diagnostic specificity
To verify analytical specificity of the RV TaqMan qPCR approach, cell culture supernatants containing between 10 9 and 10 6 genome copies/ml of measles virus, Coxsackievirus B1, FSME, or mumps virus, were subjected to RNA (Table 5) . Especially measles and parvovirus B19 are relevant as they have clinical symptoms similar to RV. No amplification signal, and thus no cross-reactivity, was obtained in any of the samples tested.
Relationship between infectious titer and genome copies
To analyze whether the amount of genome copies in clinical samples can be used as an indication for infectious virus particles, supernatants of RV-infected Vero cells were processed to determine this ratio (Fig. 5) . Therien and Wb-12 strains show cytopathogenicity on Vero cells and were The regression curve for plasmid standard DNA was based on the mean Ct values from five independent runs with triplicates of each sample shown in Fig. 2 compared to 03-03703 strain, which lacks signs of cytopathogenicity. After initial infection, extensive washing was performed to remove unattached virus. Figure 5 highlights that the number of genome copies is almost two log10 units higher than the amount of infectious virus particles, but only for the strains associated with cytopathogenicity.
Discussion
RV diagnostics is based on serological tests for rubella IgM and IgG, detection and quantification of RV genomic RNAs, and, ideally, virus isolation from clinical specimens, such as urine or nasopharyngeal swabs [15] . This study presents the first TaqMan-based RT-qPCR using p90 as a template region and extends established protocols based on E1 [31, 32] , the capsid protein region [3] or p150 [2, 12, 19] . This highly conserved region within p90 has a GC content of 54 to 65%, which, in contrast to the average value of 70%, is more suitable for a TaqMan probe design. Validated RT-qPCRs with different target regions are suitable to cover possible sequence variations among circulating RV strains, which were already reported to occur [2] . Despite a suitable GC content for primer design, E1 is one of the less well conserved regions within the RV genome [6] . This study confirmed p90 as a target for a one- Fig. 4 Probit analysis for the indicated samples was used to verify the limit of detection at the 95% probability of a positive response. Ten replicates were used per copy number step TaqMan-based RT-PCR assay for quantification of RV, which was not only validated through a DNA standard, but also by using RV-positive patient samples, as well as RNA extracted from cell culture supernatants, which is an accepted substitute for in vitro transcribed RNA. Both types of RNA produce similar results regarding sensitivity of real-time PCRs using TaqMan chemistry [17] . The results outlined in this study are consistent with this notion, as extracted Therien RNA had performance characteristics similar to the one observed for the RNA standard. There are only a few studies which used extracted RNAs for some [19] or even all RV genotypes [2] to validate RT-qPCR assays. Although our study lacks some of the RV genotypes, the three currently circulating genotypes (1E, 1G, and 2B) with a global distribution are included [1, 23] . Furthermore, an in-depth and comprehensive in silico The assay involved ten-fold serial dilutions of the RNA extracted from cell culture supernatants infected with the indicated RV genotypes. Plaque-(PFU) or focus-forming units (FFU) per ml correspond to the infectious titer obtained for the cell culture supernatant prior to RNA extraction. Based on Figure 3 , the efficiencies for the DNA and RNA standard were 91% and 93%, respectively. A slope of -3.4318 and -3.5083 and a value of 0.9957 and 0.9995 for R 2 were obtained for the DNA and RNA standard, respectively analysis was performed for additional RV genotypes and viruses relevant for RV differential diagnostics, such as alphaviruses and Zika virus. Moreover, a study on a p150-based RT-LAMP assay applied to different RV genotypes generally showed a slightly lower sensitivity than TaqMan based RT-qPCRs, including the one outlined in this study [2] . With one to five copies per reaction the RT-qPCR assay illustrated in this publication has a comparable or slightly higher sensitivity than previous studies. The multiplex TaqMan PCR described for simultaneous detection of RV and measles virus quantified as low as 10 copies of plasmid DNA per run [12] . Another study targeting p150 had a limit of detection of 10 copies of in vitro synthesized control RNA [19] . However, these assays are hard to compare as they have been optimized on various platforms. In comparison to previous studies, the primer and probe design outlined here was based on a large number of RV sequences and validated for a considerable number of RV cell culture isolates, in addition to clinical samples representing various RV genotypes. Although some RV strainspecific mismatches between oligonucleotide primer/TaqMan probe and the template are apparent, they are not within the 3'-end region. Thus, they are not expected to affect performance characteristics of the outlined TaqMan assay.
The slopes for the one-step singleplex RT-qPCR assays obtained for the RV plasmid DNA and RNA standard and the RNA extracted from supernatants of RV-infected Vero cells were within the acceptable range (-3.6 B m B -3.1), which is also reflected in the obtained efficiency (90%\E\110%) and the coefficient of correlation (0.99 B R 2 B 0.999) [25] . Assay specificity was experimentally assessed for measles virus and parvovirus B19, which are relevant viruses as they can cause a skin rash similar to RV.
The spiking experiment extends the suitability of the MagNAPure technology as a validated automatic nucleic acid extraction method for viral RNA [13] to RV diagnostics, which was so far mainly based on reports employing sample processing by QIAamp Viral RNA Mini kit [3, 12] . The detection limit of 200 virus particles per ml is in agreement with the detection limit of our TaqMan PCR of one to five copies per reaction, which equals to 100 to 400 copies per milliliter of original sample. This detection limit for RV RNA extraction by MagNAPure was comparable to the QIAamp Viral RNA Mini kit (data not shown).
Virus diagnostics also involves the question whether RT-qPCR data could be used as an indication for virus infectious units. While the ratio of infectious virions to genome copies is hardly one to one, due to the generation of defective interfering viral particles, a correlation between these two parameters was reported for yellow fever virus [10] . In this study, the number of PFU or FFU per ml, as a calculation of infectious virus particles, was contrasted over time of culture to genome copies per ml for different RV strains with or without cytopathogenicity on Vero cells. We could extend the initial report on viral genome to CCID50 ratio [3] through the observation that genome to PFU/FFU ratio is considerably low, but only for a non-cytopathogenic RV strain. This is also the case during the exponential phase of RV replication. Therefore the already discussed cell destruction [3] appears to be a likely contributor for the discrepancy between these two parameters, but through this study such an association can be assigned as rather strain-specific. However, most of the clinical RV strains lack signs of cytopathogenicity on susceptible cell lines, thus genome copy number in clinical samples likely correlates with the amount of infectious virus particles.
In conclusion, we have presented a TaqMan-based RTqPCR assay with high sensitivity (1 to 5 copies per reaction), specificity (100%) and inter-assay reproducibility (inter-assay CV is between 0.7 and 2.4%). These characteristics make this new TaqMan approach particularly Fig. 5 Analysis of the ratio (depicted as diamonds) between viral genome copies, determined by TaqMan assay, and infectious virus particles, quantified by plaque assay (PFU or FFU/ml), for the indicated virus strains over the indicated time of culture (n = 2). dpi, days post-infection; MOI, multiplicity of infection useful. Rapid and reliable diagnosis of RV with a high sensitivity is the basis for successful diagnostics and epidemiological surveillance.
